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the reaction 
p + A → π+ + A' 
for the elements D, Be9, B10,B(natural),C, Al, Cu, Fe, Ag, and Pb. 
The π+-meson energies ranged from 35 to 145 Mev. They were 
counted electronically from signals generated in a trans-stilbene 
crystal telescope. Identification of the π+-meson depended upon a 
fast coincidence in the first two crystals plus the π - µ decay in the 
third crystal of the telescope. 
No special isotope effects were observed for the Be9, B10, 
B(natural) and  spectra. 
For C, Al, Fe, Ag and Pb the relative yield per nucleus can be 
explained by proton and meson attenuation within the nucleus. The 
attenuation of protons and mesons is consistent with mean free 
paths which have been measured in other experiments for protons 
and mesons in nuclear matter. 
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I INTRODUCTION 
The production of mesons by h igh-energy protons on nuclei has 
been investigated act ively in the las t few y e a r s . Of the many quest ions 
concerning the production of mesons , the following two were selected 
for study: 
1. How does the π+ -meson spec t rum depend upon the type of 
nucleus ? 
2. What in terpre ta t ion can be given to the observed meson 
spec t rum? 
Some pa r t i a l answers to the f i rs t question a r e given. As for 
in terpre ta t ion , an ex t remely crude nuclear model suffices to give the 
meson-y ie ld dependence on the atomic number of the s t ruck nucleus . 
More refined nuclear models could have been used, but such re f ine­
ments seem unjustified in the p resen t s ta te of meson theory. A more 
satisfying in terpre ta t ion of the data will probably have to wait for a 
c l e a r e r understanding of the e lementary pion-nucleon in terac t ion . 
Never the less the fact that a crude model , compatible with the data, 
can be made gives one confidence that he is on the r ight t r ack . In 
the meant ime the data will be of use in the design of other meson 
exper iments and the calculation of cor rec t ions for such expe r imen t s . 
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The following sequence of cyclotron runs was made . 
Ser ies Run Target Meson Kinetic Energy(Mev) 
I 1 C, Al, Fe , Cu, Ag, Pb 53 
II 2 Be 9 , 1 0 , B(natural)C 1 2 34, 51, 69, 88, 110, 128 
III 3 , Cu, Pb 52 and 88 
4 , Cu, Pb 147 
IV 5 Deuter ium 
Gas p r e s s u r e 1, 000 psi 
complete spec t rum between 
50 and 150 
6 Deuter ium 
Gas p r e s s u r e 2, 000 ps i 
complete spec t rum between 
50 and 150 
A given run las ted two or th ree days. 
Ser ies I was a genera l survey. 
Ser ies II was to a sce r t a in if the re were any special isotope 
effects. F r o m the f i rs t two s e r i e s it appeared that the individual 
spec t ra would not vary radica l ly between neighboring nuclei . 
In s e r i e s III the e lements and meson energ ies to be m e a s u r e d 
were cut to a min imum in o rde r to get be t te r s ta t i s t ics on individual 
points . 
The π+ -meson spec t rum was m e a s u r e d for deuter ium in 
s e r i e s IV. The deuter ium nucleus is sufficiently simple so that a 
detailed ana lys is may be poss ib le . 
P r i o r to and during the execution of the above work a good many 
exper iments were done e lsewhere to de te rmine the dependence of π+ -, 
π- -, and π° -meson production on the type nuclear spec ies . Both 
protons and x - r a y s were used for exciting the nucleus . Before these 
exper iments a r e d iscussed, some of the concepts useful in the 
explanation of pion production by protons on complex nuclei a r e l i s ted: 
(a) At high energ ies , the production of mesons probably 
occurs by collision between the incident proton and one nucleon r a the r 
than seve ra l nucleons. A justification for this point of view is that 
the separa t ion between nucleons, approximately 2. 8 x 10-13 cm, is 
la rge compared to = 0. 2 x 10-13 cm for the incident 335-Mev proton. ≡. de Broglie wave length/2π. In addition the s t ruck nucleon is to be 
thought of as free and having some appropr ia te momentum dis t r ibut ion. 
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(b) As the incident protons pass through the nucleus they 
a r e attenuated by competing p r o c e s s e s : m ≡ proton mean free path for 
all other p r o c e s s e s competing with meson production. 
(c) The mesons a r e attenuated by reabsorpt ion as they pass 
through nuclear m a t t e r . m ≡ mean free path for meson absorpt ion. 
(d) The exclusion principle forbids coll isions that leave the 
final nucleons in filled energy s t a tes . 
(e) The Coulomb b a r r i e r does not inhibit the escape of 
mesons that have a kinetic energy in the range above 50 Mev. 
In the l imit ing case of strong attenuation within the nucleus of 
e i ther the incident proton or the escaping meson, the meson production 
is propor t ional to nuclear a r e a . In fact the f i rs t in te rpre ta t ions were 
based on these ideas . 
The ea r l i e s t work on meson yields as a function of a tomic 
number was done by R. F . Mozley1 , who bombarded var ious e lements 
with 317 Mev x - r a y s . He measu red re la t ive values for d 2 σ / d E d Ω at 
90° ± 8° for the following e lements : H, Li, Be, C, Al, Cu, Sn and P b . 
Two meson energ ies , 42 ± 7 Mev and 76 ± 6 Mev, were observed. To 
analyse his data it is useful to define the re la t ive yield per proton: 
Relative yield per proton ≡ Relative differential c ros s section per nucleus 
Atomic number of the nucleus 
The re la t ive yield per proton is a maximum for hydrogen and d e c r e a s e s monotonically with Z. The drop in c ro s s section per proton in going from H to Li was explained by the exclusion pr inciple . The phase space available to the res idua l neutron is l e ss for Li than for H. Two a l te rna te explanations were offered for the gradual drop from Li to P b . The f i rs t a s sumed that only the surface nucleons par t ic ipated in the production. The second explanation assumed that the mean free path for meson reabsorption had to be less than 7 x 10-13 cm. 
R. M. Li t tauer and D. Walker studied the production of 
mesons at 135° by 310 Mev x - r a y bombardment of var ious nuclei . 
The meson energy was 65 ± 15 Mev. They observed a r emarkab le 
cor re la t ion between production c ros s section and binding energy of 
the struck nucleus. They also observed that the sum of the π+ and π-
production cross sections varied as the geometrical area of the nucleus. 
-6 -
The f irst work to be repor ted on the production of mesons by 
proton bombardment of var ious nuclei was done by D. L. Clark3 a , b. 
He observed re la t ive values of d 2 σ / d E d Ω for the production of 40-Mev 
π+ -mesons at 130° to 150° and π- -mesons at 30° to 50° by 240-Mev 
protons on Be, C, Al, Cu, Ag, W and Pb . Cla rk ' s c ro s s sections 
va ry roughly as the geometr ica l c r o s s section of the s t ruck nucleus , 
but with important deviat ions. He pointed out that the production 
c r o s s section var ied m o r e nea r ly as the proton-absorpt ion c r o s s 
section; namely as A when A is small and as A2/3 ' when A is l a r g e . 
When he plotted his differential c r o s s section divided by A2/3 he 
found a max imum for Al in the case of π+ production and a genera l 
falling off at the beginning and end of the per iodic table . R. E . Marehak 
pointed out that this effect may be correlated with the extra binding 
energy available in the struck nucleus.4 
Though the s ta t i s t ics were poor, the data of s e r i e s I run 15 
were consistent with a production cross section proportional to the 
geometrical area of the struck nucleus. 
M. M. Block, S. P a s s m a n and W. W. Havens6 have bom­
barded C, Cu, and Pb with 381-Mev protons and observed the meson 
spec t ra coming off at 90° . R. Sagane and W. F . Dudziak7a ,b m e a s u r e d 
the production of 1 2 . 5 - , 27- , and 33-Mev π+ -mesons at 90° produced 
by 340-Mev proton bombardment of Be, C, Al, Cu, Ag and P b . 
A s u m m a r y of the data for the exper iments above is given in 
F ig . 9. The genera l t rend of meson yield plotted against a tomic 
m a s s A is s imi la r for the different exper iments . 
It is suggested that the r e a d e r skip to the section Resul t s and 
Interpreta t ion and proceed before considering the in te rmedia te 
sect ions descr ib ing the exper imenta l technique. Attention is called 
to the section, Glossa ry of T e r m s . 
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II EXPERIMENTAL ARRANGEMENT 
A. General 
The external beam of the 184-inch cyclotron was s tee red into 
the cave where the ta rge t and detection equipment were located. (See: 
F i g s : la , lb) . The mesons , coming off at 0°, were separa ted 
magnet ical ly from the proton beam. The mesons then passed through 
the copper meson energy degrader , which reduced the meson kinetic 
energy to approximately 21 Mev. To be counted, a meson had to pass 
through the two pass ing c rys t a l s and decay in the thi rd or stopping 
c rys ta l . This sequence was observed e lect ronical ly . The e lec t ronic 
equipment was located outside the cave at the southeast box. The 
meson energy was determined by the amount ot copper in the meson 
energy degrader . 
B. Cyclotron 
The sca t te red beam was used because it provided a be t ter duty cycle than the e lec t ros ta t ica l ly deflected beam. The sca t te red beam consists of approximately 350 bursts of protons, each lasting about 10-8 sec, and separated from each other by the cyclotron RF period, 
6. 6 x 10-8 sec . 
The sca t te red beam is believed to a r i s e from the scat ter ing of 
protons on the carbon blocks protect ing the dee s t ruc tu re . The protons 
were sca t te red into the magnetic deflector of the cyclotron and then 
passed through the premagnet col l imator . All collimation in the 
horizontal plane was accomplished at this point; in the ver t ica l plane 
only a par t i a l coll imation could be achieved. The final coll imation in 
the ve r t i ca l plane was c a r r i e d out in the b r a s s snout col l imator at 
the en t rance to the oave. The snout col l imator is 40 inches long. 
The beam size was approximately 3/4 inch vertically and l/2 inch 
horizontally. 
C. Beam Monitoring 
An absolute determinat ion of the proton beam intensity was 
not n e c e s s a r y . Only the re la t ive beam intensity had to be measu red 
during a given day. The reason for not requir ing absolute beam 
monitoring was that the efficiency of the detection sys tem had to be 
de termined every day be means of a s tandard ta rge t configuration. 
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Any changes in the beam monitoring efficiency from day to day were 
automatical ly compensated for as a par t of the detection-efficiency 
cor rec t ion . 
The beam intensity was moni tored by an A r g o n - C 0 2 ionization 
chamber . The mult ipl icat ion was approximately 800. The collection 
e lec t rode of the ion chamber was kept at ground potential by a DC 
feedback amplif ier . The charge was accumulated a c r o s s an 
accura te ly ca l ibra ted condenser . The voltage a c r o s s the condenser 
was m e a s u r e d by a Speedomax r e c o r d e r with an automatic dumping 
a r r angemen t . 
In genera l the beam level was set to give a reasonable foreground-to-background counting r a t e . This beam level was usual ly of the o rder of 3. 5 x 10-12 a m p e r e s . 
D. Targe t s 
The c ro s s - s ec t i ona l size of all t a rge t s was l a r g e r than the 
c r o s s - s e c t i o n a l size of the beam. The ta rge t thickness for all solid 
t a rge t s was chosen so that the 340-Mev protons lost about 10 Mev in 
t r ave r s ing the t a rge t . A thicker t a rge t was t r ied in the case of carbon 
but it was found that the beam level had to be correspondingly reduced 
to keep the background counting ra te down. 
The only exception to the 10-Mev l imitat ion in thickness was 
allowed for the h i g h - p r e s s u r e deuter ium ta rge t for run No. 5, in 
which case the p r e s s u r e , 2000 psi , cor responded to a proton loss of 
17 Mev. Run 4, which was made at p r e s s u r e of 1000 psi , c o r r e ­
sponding to a 10-Mev proton loss , showed that the shape of the 
spec t rum would not be d is tor ted by running at the higher p r e s s u r e . 
The higher p r e s s u r e gave a higher ra t io of mesons from deuter ium 
to mesons from the t a rge t end wal l s . 
The high-pressure deuterium target was a modification of 
the target originally designed and built by R. S. White.8 It consists 
of a long cylinder surrounded by a l iquid-ni trogen jacket in turn 
enclosed in a vacuum sys tem (see F igs . 7 and 8). The maximum 
operating p r e s s u r e is 2, 300 psi at l iquid-ni trogen t empera tu re 
77°K. The important ta rge t specifications a r e : (1) 5. 11 g / c m 2 of 
deuter ium at 2, 000 ps i , (2) 1. 78 g / c m 2 of s ta in less s teel end wal ls , 
(3) 2-inch d iameter and 24-inch length. 
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The B10 t a rge t was on loan from the USAEC. It had been p r e ­
pared by electromagnetic separation. 
E. Magnetic Channel Design 
In-order to observe mesons coming off at 0° to the proton beam 
it is n e c e s s a r y to separa te the mesons and protons magnet ical ly . A 
la rge p a i r - s p e c t r o m e t e r magnet was used to provide the magnetic field. 
The gap was reduced to 3.4 inches. The c ros s - sec t iona l a r e a of the 
pole piece was of sufficient size so that a meson orbit of 23-inch radius 
could be used. The orbit turned through approximately 90°. The 
meson orbi ts were defined by b r a s s channeling which was designed 
according to the following ideas : 
(a) The p r i m a r y purpose of the channel is to prevent those 
protons from coming down the channel which have sufficient energy to 
penetrate the meson crystal telescope. The meson energy is not determined 
by the channel, but by the meson energy degrader. 
(b) A meson falling within the energy range to be detected 
can s ta r t from any point in the ta rge t and reach any point of the c rys ta l 
t e lescope . The size of the exit ape r tu re of the meson channel was a 
compromise between the conflicting requ i rement s of making the ape r tu re 
smal l to shield against s t r ay charged pa r t i c l e s , and of making the 
ape r tu re l a rge to provide "poor geomet ry" . The "poo re r " the geometry , 
the smal le r is the cor rec t ion for multiple Coulomb scat ter ing l o s s . 
In o rde r to cover the full range of meson energ ies , severa l 
channels were constructed. Fo r all channels the mesons left the gap 
normal ly to the edge of the pole p iece . The c rys ta l te lescope was 
approximately 4 inches beyond the edge of the gap. The solid t a rge t s 
were located well within the region of uniform magnetic field. With 
such a configuration, meson t r a j ec to r i e s could be accura te ly drawn 
from magnet ic field p lots . 
The shape of the h i g h - p r e s s u r e gas t a rge t made it n e c e s s a r y 
to locate it outside the region of uniform field as shown in Fig . lb . 
A magnet ic shield was used to keep the field negligibly low in the 
t a rge t region. Meson t r a j ec to r i e s were t raced by the wire technique. 
(a flexible wire ca r ry ing a suitable cur ren t and placed under the p roper 
tension takes up the t ra jec tory of a charged par t ic le pass ing through a 
magnet ic field). All points of the ta rge t could " s e e " al l points of the 
c rys ta l t e lescope . 
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F . Crys ta l Telescope, Light Pipes and Phototube 
The c rys ta l te lescope consis ted of 3 t r ans - s t i l bene c rys t a l s 
viewed by 1P21 photomult ipl iers through lucite light p ipes . The lucite 
light pipes permi t ted remova l of the phototubes to a region of a 
reasonably smal l magnet ic field. In addition, the phototubes were 
magnet ical ly shielded. The phototube efficiencies were essent ia l ly 
constant over the range of magnet ic fields used in the exper iment . 
A g a m m a - r a y source was placed nea r the c r y s t a l s . As the magnet ic 
field was var ied over the operat ing region of 14, 000 - 7, 000 gauss , the 
d i sc r imina to r level had to be changed one volt in 60 to keep the singles 
counting ra te constant. 
G. E lec t ron ics 
1. General block d iagram and operat ion. 
The e lec t ron ics were pat terned after the or iginal design of 
M. Jakobson, Al Schulz, and J. Steinberger.9 The present electronics 
were redesigned and built in cooperation with M. Jakobson, A. C. Schulz, 
and D. Hamlin (see Fig . 3). 
The two channels, designated π - μ No. 1 and π - μ No. 2, following 
the fast coincidence, a r e identical . They a r e so a r r anged that back­
ground count can be taken simultaneously with the total count. 
The scheme of detection is based upon the fact that the π+ -meson decays into a μ-meson. The mean life of the π+ -meson is 2. 54 × 10-8 seconds.9 , 1 0 
To be counted as a meson, an event must initiate 3 s ignals : 
two essent ia l ly s imultaneous s ignals in c rys t a l s No. 1 and No. 2, and 
a thi rd signal in c rys t a l No. 3 that occurs during a delayed gate 
in terva l . Such an event is called a π - μ coincidence. A π-meson 
that passes through the first two crystals and decays into a μ-meson 
in crystal No. 3 is counted as a meson provided the π - μ decay occurs 
during the gate in te rva l . A par t i c le going through al l th ree c rys t a l s 
is not counted as a meson because its signal in the third crystal occurs 
prior to the gate. 
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Elect ronical ly the above sequence is achieved as follows: 
A coincidence (δΤ ~1 × 10-8 s e c . ) is requ i red in c rys ta l 1 and 2 by 
the fast coincidence c i rcui t . This coincidence t r i gge r s the gate 
genera tor , which produces a voltage gate s tar t ing 2 . 2 × 1 0 - 8 seconds 
after the fast coincidence and last ing 10-7 seconds. The signal from 
the third phototube is put in coincidence with the gate. The proper 
t iming is achieved by the use of suitable lengths of RG 63-U cable 
between units. In order to obtain workable voltage levels, several 
distributed amplifiers have been introduced. 
The shor t -de lay operation, in which the gate s t a r t s 2. 2×10-8 
seconds after the fast coincidence, pe rmi t s accidental events , a lso , 
to be counted as m e s o n s . For example a knock-on proton may pas s 
through the f i rs t two c rys t a l s and a second knock-on proton may 
pass through the third c rys t a l during the gate in terval . The 
accidental counting ra te can be measu red in a long-delay operat ion, 
in which the gate (though sti l l of the same duration) is delayed 
19 × 10-8 sec . after the fast coincidence. By this t ime any meson 
that could have t r ipped the fast coincidence will have decayed and 
therefore al l counts a r e accidental . The t rue meson count is given 
by the difference between the short-delay count and the long-delay 
count. 
For any given measu remen t , π - μ channel No. 1 is operated 
on long delay while π - μ channel No. 2 is operated on short delay, 
the delays a r e then interchanged for the same amount of in tegrated 
proton beam. The p r i m a r y advantage of this mode of operat ion is 
that fluctuations in the accidental counting ra te caused by b e a m -
intensity fluctuations a r e canceled out. If the beam intensity 
suddenly i nc rea se s during a measu remen t the accidental r a t e in ­
c r e a s e s equally for both the shor t -de lay and long-delay counts. 
The net or t rue meson count is unaffected. 
The meson and gate output a r e fed to s tandard UCRL l inear 
ampl i f ie rs and then to s c a l e r s . 
- 1 2 -
2 . F a s t coincidence chas s i s . 
This unit is built on one chass i s (Fig. 4). It cons is t s of two 
separa te dis t r ibuted ampl i f ie rs A and Β and a dis tr ibuted coincidence 
of the type designed by Dr. C. Wiegand.11 The distributed amplifiers 
have a measured gain of about 40 and calculated band width of 175 
megacyc les . With a l /4 -vo l t input the output is 10 vol t s . With a 
l /8 -vo l t input to ampli f iers A and Β the coincidence output is 
4 vol ts . With l /8 -vo l t input to one amplif ier the output of the 
coincidence is 0 .4 vol ts . 
3. π - μ chas s i s . 
The π- μ chass is consist of: π-ampli f ier , gate genera tor , μ amplif ier , π - μ coincidence, output d i sc r imina tor (Fig. 5). The gate genera tor is a cathode coupled univibrator which also ac t s a s a d i sc r imina to r . It is fired by a 6-volt pulse lasting ~10-8 s ec . 
The gate amplitude is approximately 10 volts and l a s t s ~ 10 s e c . 
The tubes for the gate genera tor mus t be selected for sa t is factory 
length, amplitude, and shape of gate. In general the 6AN5 must have 
a high transconductance. 
4. Cr i t ica l grid b iases and vol tages . 
There a r e severa l c r i t i ca l grid levels whose action must be 
understood. G1 of the π - μ coincidence controls the level of the μ 
signal to make a π - μ coincidence. High voltage No. 3 controls the 
level of the μ signal input to both π - μ chas s i s . The π amplif ier 
bias de te rmines the level of the signal requ i red to fire the gate 
genera to r . 
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III EXPERIMENTAL PROCEDURE 
A. Original Setting of Phototube Voltages and Bias Levels 
1. High-voltage plateuas for phototubes No. 1 and No. 2. 
First the gate counting rate for each π - μ chassis was 
equalized by adjusting the π amplifier bias, which sets the level of 
signal from the fast coincidence requ i red to fire the gate genera to r . 
P la teaus for HV No. 1 and No. 2 were obtained for meson 
counting r a t e s (Fig. 6). HV No. 1 and No. 2 were set to 1,200 vol ts . 
2. Lack of plateaus for phototube No. 3. 
It had been hoped that a plateau for HV No. 3 might be obtained 
because the μ meson has a fixed kinetic energy of 4. 2 Mev. Extensive 
exploration failed to revea l any such c l ea r - cu t plateau. There was a 
region of reasonable slope, but it was followed by an increas ing 
slope with no c lear dist inction between the two reg ions . In fact, at 
the highest setting of HV No. 3, the counting ra te exceeded the ra te 
calculated for 100% efficiency of the c rys ta l te lescope . Three 
p rob lems immediate ly a r o s e : 
(a) why is the re no plateau and why does the counting ra te 
inc rease indefinitely? 
(b) what is a reasonable setting for HV No. 3? 
(c) how can the counting efficiency be de te rmined? 
For the f i rs t pa i r of quest ions, a number of factors may have 
contributed. The range of a 4. 2-Mev μ-meson is 1. 2 mm in the transstil 
bene and is to be compared with the 8. 8-mm thickness of the third 
c rys ta l . At best any observed plateua would therefore have a finite 
s lope. The l ight-collect ion efficiency can va ry over different port ions 
of the c rys t a l . Fu r the r , long light pipes cause g rea te r s ta t i s t ica l 
fluctuations in phototube pulse height.12 In addition, knock-on 
protons a r i s ing from the general neutron background can cause large 
pulses in the c rys ta l te lescope . If HV No. 3 is increased , these 
pulses may sa tura te the dis t r ibuted ampl i f ie rs and broaden the 
pulses sufficiently so that the tail of the broadened pulse falls into 
the shor t -de lay gate s tar t ing 2 .2 × 10-8 s ec . l a t e r . The long-delay 
gate, of course , would not be sensi t ive to such an event, because 
the broadened pulse would have disappeared. Such an effect could 
account for the indefinite increase of meson counting rate. 
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The question of where to set HV No. 3 was sett led as follows: 
A thick polyethylene ta rge t was used to produce a l a rge number of 
π+ -mesons from the react ion p + p → D + π + . The magnet ic field was 
set for the kinetic energy of these mesons , 62 Mev. The meson 
energy deg rade r s which normal ly would have slowed these mesons to 
21 Mev were removed. This allowed a la rge number of h igh-energy 
mesons and protons to penet ra te the c rys ta l te lescope . Except for 
mesons sca t te red off the walls of the channel, the re should have been 
no 21-Mev mesons coming down the channel. Hence mos t pions 
should have passed right through the te lescope before decaying. The 
counting ra te was then m e a s u r e d as a function of HV No. 3. The 
counting ra t e was observed to i nc rease slowly and then suddenly in ­
c r e a s e rapidly at about 1400 vol t s . The counting ra te below the 
b reak was consis tent with the number of mesons that might sca t te r 
from the channel wal l s . The operating voltage was set below the 
break at an a r b i t r a r y value of 1300 vol ts . This p rocedure was 
admit tedly ad hoc. The justification is d iscussed under "Validity of 
Detect ion" in the next sub-sect ion. 
As for the problem of determining the counting efficiency, a 
standard target configuration was used. 
B. Validity of Detection. 
The c r i t e r ion for setting HV No. 3 provided no proof that 
only mesons were being counted. To further justify the setting of 
HV No. 3 a number of t e s t s were made . 
In the f i rs t place a half-life for the π meson was de termined by varying the gate delay. The value so obtained agreed with previous measuremen t . 9 , 1 0 
The π+ spike in the react ion p + p → D + π+ was c lea r ly 
observed in a CH 2 -ca rbon subtract ion exper iment . F u r t h e r m o r e 
the CH2 -carbon difference was s ta t is t ica l ly zero above the π+ 
spike.13a ,b 
The ratio of hydrogen yield of π+ to the carbon yield agreed 
with nuclear plate data. 
The carbon spec t ra m e a s u r e d at 0° and 90° agreed with the spec t ra obtained by plate data.14 ,15  
From deuterium no mesons were observed above the maximum 
energy allowed by kinematics. 
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It seems reasonable to conclude that the equipment counted 
only mesons within the s ta t i s t ics so far obtained, which a r e of the 
o rde r of 5 to 10 percen t . It is possible that there may be a 5 percent 
background, for example saturat ion proton pulses , which was counted 
with the t rue meson count. 
C. Setup P r o c e d u r e . 
At the beginning of each run the s tandard ta rge t configuration 
was set up. HV No. 3, G1 for π - μ No. 1 and G1 for π - μ No. 2 
were adjusted so that 
(a) Both π - μ No. 1 and π - μ No. 2 counted within 20 percent 
of the same rate. 
(b) The ove r -a l l counting ra t e agreed with 20 percent of the 
s tandard r a t e . 
The beam level was set so that the net meson count was at 
l eas t equal to or g rea t e r than the background r a t e . 
D. Efficiency Control . 
The maintenance of counting efficiency was c r i t i ca l . The 
significant grid b iases were moni tored approximate ly every 5 hours . 
HV No. 3 was controlled to within 3 volts at al l t imes by means of an 
e lec t ros ta t i c vo l tmete r . With these precaut ions the efficiency was 
never observed to change during a given day, although it did shift 
from day to day. By appropr ia te cycling of t a rge t s and meson energ ies 
during each day any efficiency changes could have been detected. The 
actual counting efficiency from day to day and from run to run was 
measured by the standard targets or by other repeated target conditions 
(See subsection, Normalization of Data from Day to Day) 
E. Absolute Detection Efficiency. 
The absolute detection efficiency was calculated from absolute 
c ro s s sect ions , der ived from nuclear emulsion data. The efficiency 
was approximately 13 percent , that i s , only 13 percent of the mesons 
decaying in the stopping c rys ta l were counted. It should be noted, 
60 percent of the mesons decay pr io r to the s t a r t of the gate . It the 
sys tem had been 100 percent efficient only 40 percent of the mesons 
decaying in the th i rd c rys ta l could have been counted anyway. The 
dec rease from 40 percen t ot 13 percen t is the m e a s u r e of efficiency 
of the sys tem of c r y s t a l s , light p ipes , phototubes, e tc . 
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IV DATA REDUCTION 
A. General 
The d i rec t exper imenta l data consis ted of net meson counts 
per unit of integrated beam intensity. Three steps were requ i red to 
obtain absolute differential c r o s s sec t ions . 
Step 1. Normal izat ion. The re la t ive counting efficiency was 
m e a s u r e d and the data were normal ized accordingly. The deu te r ium 
data p resen ted a special p rob lem. 
Step 2. Cor rec t ions . 1) Decay in flight, 2) Multiple Coulomb 
sca t te r ing l o s s e s , 3) Variat ion of energy resolut ion of de tec tor , 
4) Meson and proton attenuation losses in the target and meson-energy 
degraders. 
Step 3. Transformat ion from rela t ive to absolute c r o s s sect ions. 
Actually, re la t ive c r o s s sect ions w e r e m e a s u r e d . Absolute c r o s s 
sect ions were de termined by compar ison with carbon data, for which 
Dudziak has m e a s u r e d the absolute c r o s s section by nuclear emulsion 
techniques.15 See subsection IV E, Errors for Dudziak's data, used 
in this analysis. 
More specifically the direct experimental data consisted of: 
S1 = short-delay count from π - μ No. 1 
L1 = long-delay count from π - μ No. 1 
S 2 = shor t -de lay count from π - μ No. 2 
L2 = long-delay count from π - μ No. 2 
The above were combined to yield: 
Net count = S1 +S2 - L1 - L2 ± √S1 + S2 + L1 + L2 
B. Normal izat ion of Data from Day to Day 
Shifts in counting efficiency were de termined a s follows. 
Consider two days, A and B, in which identical points (1), (2), (3) etc  
a r e measu red . 
Exper imenta l 
points 




(1) n1 N1 
(2) n2 N2 
(3) n3 
N 3 
(i) ni Ni 
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Assume: Efficiency Day A = 1 
Efficiency Day Β = k 
Then as ide from s ta t i s t ica l fluctuation 
(n1) (k) should equal N1 
(n2) (k) should equal N2 e tc . 
By leas t squares the function Σ 
1 
(ni.k -Ni.)2 is minimized as a 
function of k. 
The value of k usual ly lay between 0. 85 and 1. 15. A s tandard 
deviation for k was a lso calculated. Frequent ly such calculations gave 
a value k = 1. 10 ± 0. 10 so that it was debatable whether k was 
s ta t is t ica l ly different from 1. Whether 1 or 1. 1 is used makes l i t t le 
difference, because al l points of a spec t rum were covered during each 
day; the shape of the spec t rum would not be affected r e g a r d l e s s of 
whether k was set to 1 or 1.1. The only exception was run No. 4. 
In this fashion a given run was internal ly normal ized ; that i s , 
the data from different days of a given run were normal ized together . 
Then different runs were normal ized together in the same way. The 
normal iza t ion of the deuter ium gas data, d iscussed in the following 
subsection, was m o r e complicated because two different gas p r e s s u r e s 
were used. 
C. Normalization of Deuterium Data 
Runs 5 and 6 were each normal ized internal ly f i rs t . The data 
at this point could not be combined because run No. 5 was made at 
1, 000 ps i and run No. 6 was made at 2, 000 ps i . P ro ton and meson 
attenuation factors were different for the two runs . The mean 
proton and meson energ ies were different in the two cases by vir tue 
of the difference in energy loss by ionization in the t a rge t . 
P ro ton attenuation in the deuter iums was calculated using a 
total in teract ion c r o s s section of 58 mb. This c ro s s section was 
es t imated . Exper imenta l data at 400 Mev and at 90 Mev indicated 
that the total in teract ion c ro s s section for protons on deuter ium 
could be adequately calculated by taking the sum of the total interaction 
for protons on protons plus the total interaction for neutrons 
on pro tons . The same procedure was a s sumed to be valid for 
340-Mev pro tons . 




Ρ + Ρ 
Ρ + Ν 
Total interaction 
24 mb measured 
33 mb measured17 
57 mb sum of above 
90 
Ρ + D 
Ρ + Ρ 
Ρ + Ν 
55 6 measured16 
24 mb measured18 
76 mb measured19 
100 mb sum of above 
340 
Ρ + D 
Ν + D 
Ρ + Ρ 
Ρ + Ν 
Ρ + D 
92 ± 7 measured20 
117 ± 5 measured21 
24 measured18 
34 measured mean of 
260 Mev 2 2 and 
400 Mev 1 7 
58 sum of above 
The c r o s s section for the attenuation of mesons in deuter ium 
was taken to be 110 mb. This is the average of 
36 mb for Τπ = 60 Mev23 
190 mb for Τπ = 140 M e v 2 4 , 2 5 
The multiplication factor for cor rec t ing run No. 5 to run No. 6 
for both meson and proton attenuation was 0. 94 (that i s , run No. 5 
co r rec t ed to run No. 6 = 0. 94 · run No. 5). 
The mean proton energy was different for the two t a r g e t s . 
The difference in excitation was es t imated in two ways. The f i rs t 
was to a s sume the excitation would be the same as that for the 
Ρ + Ρ → D + π+ measu red by Schulz, 13a,b. This calculation gave 
a cor rec t ion factor of 0.90 for run No. 5. The second es t imate was 
de termined by calculating the normal iza t ion factor requ i red to bring 
the two spec t ra into ag reement after all other cor rec t ions had been 
made . This calculation gave a cor rec t ion factor of 0 .86 . The 0.86 
cor rec t ion was used . 
The π+ - spec t rum was appropr ia te ly shifted along the Τπ axis 
to account for the difference in mean meson energy in the ta rge t for 
runs No. 5 and No. 6. 
Las t ly the difference in the number of nuc le i / cm 2 was 
accounted for. 
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With the above cor rec t ion run No. 5 was normal ized to run 
No. 6. A smooth curve was then run through all the points by eye. 
(See Fig . 13. Note all co r rec t ions have been appl ied.) 
To a f i rs t approximation the net deuter ium contribution course 
is given by the ta rge t ful l - target empty difference. But it is not so 
s imple as th is . When the ta rget is full, the number of mesons produced 
in the end walls is l e s s then when the ta rget is empty. Mesons produced 
in the front end wall are attenuated in passing through the deuterium. 
At the same time, the number of mesons produced in the rear 
end walls of a full t a rge t is sma l l e r because the proton beam is attenuated 
by nuclear interactions with the deuterium, and the protons themselves 
lose energy in ionizing deuterium. Thus the correction for 
t a rge t -empty conditions is not so grea t as might at f i rs t be expected. 
Appropr ia te c r o s s sections previous ly d i scussed were used 
to calculate the above attenuation effect. It was assumed that the excitation 
for steel would be the same as the excitation measu red by D. 
Hamlin1 4 for carbon at 90° . In total the net t a rge t -empty counting 
ra te was multiplied by 0. 68 to account for the effects of the proton 
attenuation and degradation in energy, plus meson attenuation. A smooth 
curve was run through the points by eye. See Fig. 13. 
The net deuter ium difference was then read off the graph to 
give the re la t ive π+ yield as a function of meson kinetic energy. 
The absolute deuter ium c r o s s section was de termined by measuring 
the yield from a carbon target re la t ive to the deuter ium yield 
and using the absolute carbon cross section measured by W. Dudziak.15 
The carbon target consisted of six slices of carbon spread out to sim­
ulate the geometry and thickness , in t e r m s of proton energy l o s s , of 
the gas t a rge t . Correc t ions were made for proton absorption in carbon 
based on the total in teract ion c r o s s section measu red by Kirschbaum26 
and for meson absorption based on nuclear area. 
D. Corrections 
1. Introduction. 
The data now having been normal ized to compensate for shifts 
in detection efficiency, it r ema ins to apply a number of cor rec t ions 
to obtain the t rue re la t ive value of d 2 σ / d E dΩ. All these co r rec t ions 
are a function of the meson kinetic energy. The corrections are: 
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(a) Variat ion of energy resolut ion of de tec tor . 
(b) Loss of mesons due to multiple Coulomb scat ter ing 
of mesons out of the c rys ta l te lescope. 
(c) Meson loss due to nuclear in teract ions in the meson 
energy d e g r a d e r s . 
(d) Decay of mesons in flight. 
Except for run No. 6, Ser ies IV, the attenuation of protons 
and mesons in the ta rge t was negligible. For this run see the subsection 
IV C, Normal iza t ion of Deuter ium Data for a full d iscuss ion of the 
cor rec t ion made. 
2. Energy Resolution of Detector . 
The c rys ta l te lescope detec ts mesons whose kinetic energy 
is 21 ± 2 .5 Mev. Copper meson-ene rgy deg rade r s were used to degrade 
the higher energy mesons so that they could be detected. The range-energy 
relations are such that the effective energy resolution is com­
p r e s s e d as higher energy mesons a r e observed. The energy of a meson 
may be expressed as the range, in g /cm 2 of ma te r i a l requ i red to stop 
i t . 
Ε = E(R) Ε = kinetic energy of meson 
R = range in g/cm2 
Εo = E(R o) = 21 Mev. Mean detection energy with no meson 
energy degrader 
Ro = range in copper corresponding to Εo 
Suppose an amount of copper R is placed in front of the detector 
ER = E(Ro + R) ER is the mean energy of meson 
that will be detected if R g m / c m 2 
are placed in front of the crystals 
Actually the detector will detect mesons in a range of energy 
± Δ Εo about Εo For no copper 
Εo ± Δ Εo =21 ±2.5 Mev 
= E(Ro ± Δ Ro) Δ Ro is de termined by Δ Εo 
= E(Ro) ±[ dE }Ro] [∆Ro] dR 
∆Eo.= [( dE )Ro] [∆Ro] d R 
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If R g m s / c m 2 of c o p p e r a r e now added , 
ER + Δ ER = Ε (Rο + R + Δ R ο ) 
ΔΕR = 
[ d E 
)) 
Rο +R ] 
Δ Rο dR 
T h e r e f o r e 
Δ Ε ο 
=[ d E }Ro] dE }ro +r] ΔEr dR- dR 
Δ ER i s t h e e f fec t ive e n e r g y r e s o l u t i o n c o r r e s p o n d i n g to the 
m e s o n e n e r g y ER = E(R ο + R) . 
3. Meson Loss Due to Nuclear Interactions in Meson Energy 
Degraders. 
The i n t e r a c t i o n c r o s s s e c t i o n for l o s s of m e s o n s in the m e s o n 
e n e r g y d e g r a d e r s w a s t a k e n a s a c o n s t a n t g iven by n u c l e a r a r e a 
σ ( g e o m e t r i c ) = π (1. 40 A1/3)2 × 10-26 cm2 
T h e r e a r e two t y p e s of n u c l e a r i n t e r a c t i o n s in the c o p p e r m e s o n -
e n e r g y d e g r a d e r s which c a n r e s u l t in the l o s s of m e s o n s . The p r e d o m ­
inan t l o s s c o m e s f r o m i n e l a s t i c n u c l e a r s c a t t e r i n g . The s e c o n d m o d e 
of l o s s i s d i f f r ac t ion s c a t t e r i n g , wh ich c a n s c a t t e r m e s o n s out of the 
c r y s t a l t e l e s c o p e . D. H. S t o r k ' s 2 7 d a t a w e r e u s e d to c a l c u l a t e σ(in-elastic.) 
The l o s s f r o m σ(d i f f rac t ion) c a n b e e s t i m a t e d by c o m p a r i s o n 
wi th the l o s s of m u l t i p l e C o u l o m b s c a t t e r i n g wh ich i s c a l c u l a t e d l a t e r . 
Rough ly s p e a k i n g , the a n g u l a r d i s t r i b u t i o n i s the s a m e for d i f f r ac t ion 
s c a t t e r i n g and m u l t i p l e C o u l o m b s c a t t e r i n g . F o r equa l hal f a n g l e s , 
t he l o s s shou ld b e the s a m e in bo th c a s e s . - T h e σ ( g e o m e t r i c ) g i v e s 
the ef fec t ive to t a l l o s s of m e s o n s due to d i f f r ac t ion and i n e l a s t i c s c a t ­
t e r i n g to wi th in 10 p e r c e n t for m e s o n s whose e n e r g i e s a r e in the r a n g e 
50-150 Mev . B e l o w 50 Mev the e r r o r in u s i n g σ ( g e o m e t r i c ) m a y b e c o m e 
a s m u c h a s 30 p e r c e n t bu t the to t a l c o r r e c t i o n i s l e s s t h a n 15 p e r c e n t . 
The e r r o r in the t o t a l c o r r e c t i o n i s of the o r d e r of 5 p e r c e n t in t h i s 
c a s e . Spec i f i ca l l y the n u m b e r of p i o n s l o s t i s g iven by 
I = Iο e - N σ / M 
Iο = i n t e n s i t y of i n c i d e n t p i o n s 
I = i n t e n s i t y of p i o n s ge t t ing t h r o u g h 
2 
Ν = n u m b e r of n u c l e i / c m 2 
σ = c r o s s s e c t i o n 
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4. Multiple Coulomb Scattering Loss . 
Due to multiple Coulomb scat ter ing in the meson energy de-grader, 
some mesons a r e sca t te red out of the stopping c rys t a l . See 
Appendix I for the details of the calculation. The method of Eyges28 
is followed to calculate the correction. Very briefly, he derives a 
distr ibution function that includes the effect of energy loss of the s ca t ­
tered particle as it passes through material. 
F (t, y, θ) = distribution function 
t = distance t rave led through m a t e r i a l m e a s u r e d 
in radiation lengths 
θ = angle between direct ion of incident pa r t i c l e 
and final direct ion of t r ave l projec ted on to 
and any plane containing the original di rect ion 
of travel 
θ = dis tance m e a s u r e d perpendicular to original 
direct ion of t r ave l and pro jec ted on the same 
plane as for θ. 
The thi rd stopping c rys t a l was then divided into a number of 
zones . By means of the dis tr ibut ion function F (t, y, θ) the number 
of mesons lost to each zone was calculated. The l o s se s in all the zones 
were numerically integrated to give the total loss. 
5. Decay in F l i gh t . 
A cor rec t ion mus t be made for mesons lost by decay in flight. 
The p r o p e r t ime elapsed in the meson f rame is 
d τ = dt 
γ 
d τ = proper time 
dt = lab. time 
γ = l/√1-B2 
= 
ds 
νγ ds = dis tance 
ν = velocity of meson 
= 
Mο ds P Mο = r e s t m a s s 
Ρ = meson re la t iv is t ic 
momentum 
∫dT=∫ M o ds P 
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By numer ica l integrat ion of the above express ion of the range 
energy curves for copper29 and trans-stilbene it can be shown that the 
loss of mesons by decay in the copper absorber and the first two crystals 
is negligible. The fraction of mesons decaying in flight between the 
ta rge t and c rys ta l te lescope is calculated. In the case of the deuter ium 
gas ta rge t , the ta rget was divided into 4 zones and the cor rec t ion ca l ­
culated for each zone. 
The value used for the mean life at the π+ -meson was 2. 54 × 10-8 seconds9 , 1 0 
Typical values for the cor rec t ions a r e given in the following 
table. For a given Τπ the total cor rec t ion is the product of the indi­
vidual co r r ec t i ons . The normal ized data a r e multiplied by the total 













35 1.36 1.04 1. 19 1. 10 
45.8 1.06 1.08 1. 16 1. 13 
64. 5 1.90 1. 17 1. 13 1. 11 
83.8 2.09 1.29 1. 11 1. 15 
106.2 2.26 1.45 1. 10 1.21 
124.9 2. 34 1. 61 1.09 1.26 
143 2. 39 1.79 1.08 1.29 
E. E r r o r s 
The e r r o r s shown in all c a s e s a r e the s ta t is t ica l e r r o r s a r i s ing 
from counting. The e r r o r s a re expressed in s tandard deviat ions. For 
a given meson energy the e r r o r s of the re la t ive c r o s s sections should 
be co r r ec t ly given by the s ta t i s t ica l counting e r r o r s because all the 
cor rec t ion factors a r e fixed for a given meson energy. The compar ison 
of differential c ro s s sections at different meson energies is another 
m a t t e r . In this case there may be systemat ic e r r o r s in the cor rec t ion 
for multiple coulomb scat ter ing lo s ses and for meson loss due to nuclear 
in terac t ions in the copper meson-energy d e g r a d e r s . It is es t imated 
that the sys temat ic e r r o r of these cor rec t ions is not g rea t e r than: 
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Est imated Maximum 
Systematic E r r o r in 
the Correc t ion Fac tor 
Meson Energy- 65 Mev 105 145 
Meson Nuclear in teract ions 
in meson energy deg rade r s 5% 10% 15% 
Multiple Coulomb 
scat ter ing lo s ses 2% 4% 6% 
The absolute values ass igned to the production c r o s s section 
are normalized to W. Dudziak's15 nuclear emulsion analysis of the 
reaction 
Ρ + C → π+ + A' 
Thus any absolute e r r o r in his m e a s u r e m e n t s appear a lso in the a b ­
solute values given h e r e ; the ra t ios , however, a r e still valid no m a t ­
te r what absolute values they a r e der ived from. His exper imenta l 
values are 
Τ Mev d 2 σ / d E dΩ×10-30 cm2 Mev-1" s te radian - 1 
56 12.16 ± 0.92 
72 15.71 ± 0.93 
9 0 . 1 20.77 ± 1.33 
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V RESULTS AND INTERPRETATION 
A. Genera l 
The r e su l t s of this exper iment and of re la ted work a r e sum­
m a r i z e d in the following tables and f igures . 








Table F igure 
Series I5 
C, Al, Cu,Fe, Ag,Pb d 2 σ / d E dΩ = 53 0 ° i 9 
Ser ies II 
B e 9 , B l O , B 1 1 , C 1 2 
d 2 σ / d E dΩ 
d σ / d Ω 
34 ,51 ,09 , 
88,110,129 0 ° 2 9 
Ser ies III 
C, C u , P b 
d 2 σ / d E dΩ 
d σ / d Ω 52 ,88 ,147 0 ° 3 
10,11 
9 
Ser ies IV 
Deuter ium 
d 2 σ / d E dΩ2 
d σ / d Ω 40-140 0 ° 4 , 5 
14, 13 
9 
D. C l a r k 3 b 
B e . C , Al .Cu, Ag, W,Pb d
2 σ / d E dΩ 40 140° 9 
Block6 
C , C u , P b 
d 2 σ / d E dΩ2 
d σ / d Ω 
Complete 
spec t ra 9 0 ° 9 
Sagane 7 b 
B e , C , Al ,Cu, A g , P b d
2 σ / d E dΩ 33 9 0 ° 9 
Figure 9 gives a general summary of exper imenta l work on 
nucleon production of p ions . Note it is the shape of the cu rves , not 
the absolute ordinate , which is impor tant . In severa l ca ses the absolute 
ordinate is a r b i t r a r y . In Fig . 9 the differential c r o s s sec t ions , 
d 2 σ / d E dΩ, of Ser ies II and III, and of Block, P a s s m a n , and Havens 
have been integrated over meson energy. This p rocedure s eems r e a ­
sonable because the A dependence of the differential c r o s s section is 
weakly dependent on meson energy (see Fig . 10). The only s tar t l ing 
d iscrepancy is C l a r k ' s Be point, which seems unreasonably low. Other­
wise the general t rend is s imi la r within s ta t i s t ics for all exper iments . 
The data of Ser ies I indicated a smooth variat ion of meson 
yield as a function of atomic number . The same conclusion was borne 
out by the work of o thers (See Fig . 9). The data of Ser ies II implied 
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that the yield of mesons did not a l te r radical ly between neighboring 
i so topes . It was decided, therefore , to reduce the number of e lements 
and meson energies observed in o rder to achieve bet ter s t a t i s t i c s . 
In Ser ies III the yield was m e a s u r e d from only C, Cu, and P b and for 
only the three meson energ ies 52, 88, and 147 Mev. 
The deuter ium spect rum of Ser ies IV is exhibited in F ig . 14. 
Within s ta t i s t i cs the curve ag rees with the maximum kinetic energy allowed by k inemat ics , 136 Mev. The curve was located by eye to give 
the bes t fit to the data i r r e spec t ive of the 136-Mev cutoff. The curve , 
as drawn, cuts off at a slightly higher energy than 136 Mev. The curve 
of Fig . 14 is the difference between the two curves exhibited in F ig . 13: 
target full and target empty. 
B. Model for Complex Nuclei, C, Cu, and Pb 
The data of Ser ies III can be in terpre ted by means of the fol­
lowing nuclear model , which, though c rude , is adequate: 
(a) The nucleus is cons idered to consis t of free nucleons 
having an appropr ia te momentum distr ibut ion. This momentum d i s t r i ­
bution, whatever it may be, is taken to be the same for C, Cu, and 
Pb. For a specific incident-proton energy the production of mesons 
within the nucleus should therefore be the same in C, Cu, and P b except 
for the differences in the numbers of protons and neu t rons . Exclusion 
effects on f inal-s ta te nucleons a r e neglected. The quali tat ive effect 
of consider ing exclusion effects should be to enhance the production 
in the h i g h e r - Ζ e lements re la t ive to the lower -z e lements , because 
there is a higher density of excited s ta tes for the h i g h e r - Ζ nuclei . 
(b) Mesons a r e produced solely in col l is ions between 
the bombarding proton and protons within the nucleus . P ro ton -neu t ron 
coll is ions a re ignored in the production of π+ -mesons . The justif ication 
for this neglect of Ρ + Ν coll is ions is the l a rge π+/π- product ion ra t io 
observed in proton bombardment of carbon6,15 in which both Ρ + Ρ 
and Ρ + Ν collisions occur. If relatively few π- are produced in Ρ + Ν 
coll ision it is reasonable to a s sume by symmet ry that ve ry few π+ will 
be produced in these same Ρ + Ν col l is ions. The large π+/π- ra t io 
therefore implies a la rge ra t io of π+ produced in Ρ + Ρ coll is ions com­
pared to Ρ + Ν col l is ions . The production of π+ within the nucleus 
should therefore be propor t ional to the number of p ro tons , Z. 
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(c) Some mesons produced within the nucleus a re 
reabsorbed ; λm ≡ meson mean free path for absorption. 
(d) Bombarding protons a r e attenuated by competing 
p r o c e s s e s as the protons p a s s through the nucleus; λm.≡ mean free path 
for proton absorpt ion by competing p r o c e s s e s in nuclear m a t t e r . 
(e) Elas t ic sca t ter ing of mesons within the nucleus 
is ignored. 
(f) Coulomb b a r r i e r effects a r e considered negligible. 
An attenuation factor F was calculated such that 
F = Actual meson yield with proton and meson attenuation Hypothetical meson yield for no attenuation of protons 
and mesons 
See Appendix II for detai ls of the calculation of F . The production c r o s s 
section is expected to va ry as 
yield ~ ( Z ) ( F ) 
The problem in calculating F was to assign the proton and meson 
mean free paths λp and λp respectively. 
Three se ts of λp were considered: 
c Cu P b Set 
3 . 6 3 . 6 3. 6 x 10-13 cm 1 
4 6.25 8. 3 2 
4 5 6 3 
Set 1 was used by R. Hales3 0 in his analysis of the yield of 
π° mesons from proton bombardment as a function of atomic n u m b e r s . 
The valu 3.6 x 10-13 cm is based on taking the average of the expe r i ­
mental value for e las t ic sca t ter ing c r o s s section for P + P and N + P 
col l is ions . 
Set 2 is based on the exper imenta l r e su l t s of A. Kirschbaum 2 6 
who m e a s u r e d the total attenuation c r o s s section for 340-Mev protons 
on C, Cu, and P b , from which he was able to calculate a mean free 
path for pro tons in nuclear ma t t e r . His mean free paths a r e expected 
to be too l a rge because he counted all protons falling within the energy 
range 320 to 340 Mev as being unattenuated. As a matter of fact a 320-Mev 
proton would have suffered a slight nuclear interaction. A 320-Mev 
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proton is l e s s effective in producing mesons than a 340-Mev proton 
and, for calculating λp, should be considered as having had a nuclear 
in teract ion. Stated in other words , if Kirschbaum had counted only 
those pro tons falling within the range of, say 335 to 340 Mev, his c a l ­
culated λp would have been smaller and more realistic for the purposes 
of this analysis. 
Set 3 of λp is arbitrarily chosen to fall between sets 1 and 2. 
When combined with a reasonable λm, the data are better fitted by the 
λp of set 3.than by the other two sets of λp. 
A single set of values for the meson mean free path in nuclear 
matter was taken from D. H. Stork's thesis27. He determined a best 
value for λm as a function of meson kinetic energy. His analysis in­




7.0 × 10-13 cm 
88 2 . 8 
147 1. 1 
In Fig . 12 (d σ / d E dΩ)/ZF is exhibited. F is calculated using 
Stork ' s λm and the λp of set 3. The points should lie on a horizontal 
l ine. 
The π+ yield is consis tent with the chosen values of λp and 
λm. It should be emphasized, however, that the data could a lso be 
fitted with other sets of λp and λm in which λp is i nc reased and λm 
decreased, or vice versa. 
C. Interpretation of λm 
It is poss ib le to in te rpre t λm in t e r m s of the sca t te r ing c r o s s 
sections of π+ and π- -mesons on protons. As a π+ -meson passes through 
a carbon nucleus and interacts with individual nucleons, several pro­
c e s s e s may take p lace : 
(a) π+ + p → π+ + p e las t ic 
(b) π+ + Ν → p + π° charge exchange 
(c) π+ + Ν → Ν + π+ e las t ic 
(d) π+ + Ν → p + γ inelast ic 
Reaction (a) has been observed a s a function of angle for Τπ = 
53, 78, 110, and 135 Mev25.As a first approximation one might assume 
that any meson scattered through an angle greater than 90° is lost with 
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r e s p e c t to p r o d u c t i o n a t 0 ° . About • 68 p e r c e n t of the m e s o n s in the 
e n e r g y r a n g e 53 to 135 M e v a r e s c a t t e r e d t h r o u g h a n ang le g r e a t e r 
t han 90° for p r o c e s s (a)2 5 (note t ha t c e n t e r - o f - m a s s v a l u e s w e r e t a k e n 
a s equa l to the l a b o r a t o r y v a l u e s ) . The 6 8 - p e r c e n t f ac to r h a s b e e n 
applied to σ (a) values taken from a number of experiments23,25,32,-34 
to determine the loss by process (a). 
The n e x t t h r e e p r o c e s s e s , ( b ) , ( c ) , and (d) , m u s t now b e c o n ­
s i d e r e d . By the a s s u m p t i o n of c h a r g e i n d e p e n d e n c e of n u c l e a r f o r c e 
one c a n s a y tha t p r o c e s s e s (b) , ( c ) , and (d) shou ld be e q u i v a l e n t to 
the fol lowing p r o c e s s e s wh ich h a v e b e e n o b s e r v e d e x p e r i m e n t a l l y : 
(b ' ) π- + p → N + π° 
( c ' ) π- + p → p + π-
(d ' ) π- + ρ → Ν + γ 
P r o c e s s (d ' ) c a n be shown to be n e g l i g i b l e by a d e t a i l e d b a l a n c e 
a r g u m e n t f r o m the i n v e r s e r e a c t i o n 2 5 . 
In p r o c e s s ( c ' ) the m e s o n s a r e s c a t t e r e d p r e d o m i n a n t l y f o r -
w a r d 2 5 and a r e not los t . Of the t h r e e p r o c e s s e s , ( b ' ) , ( c ' ) , and ( d ' ) , 
p r o c e s s (b ' ) i s the p r i m a r y p r o c e s s for l o s i n g m e s o n s . U n f o r t u n a t e l y 
to d a t e (b ' ) h a s not b e e n d i r e c t l y o b s e r v e d e x c e p t for two m e s o n e n e r g i e s , 
Τπ = 12 0 and 140 Mev.25.For these two energies 
σ (b') 2 σ (c') 
F u r t h e r m o r e , t he s u m of c r o s s s e c t i o n s for (b ' ) and ( c ' ) a g r e e s wi th 
t o t a l a t t e n u a t i o n c r o s s s e c t i o n m e a s u r e m e n t s . 2 5 A r o u g h m e a s u r e 
of (b ' ) a t o t h e r Τπ c a n t h e r e f o r e be e s t i m a t e d by t ak ing 2 / 3 of t h e t o t a l 
a t t e n u a t i o n c r o s s s e c t i o n of π- on p r o t o n s . The to t a l a t t e n u a t i o n c r o s s 
s e c t i o n h a s b e e n m e a s u r e d for Τπ = 6 0 M e v , 89 Mev and 112 Mev35 
With t h e s e v a l u e s i t i s p o s s i b l e to c a l c u l a t e 
σ (b') = 2/3 σ (total attenuation) 
Combining results, 
σ ( to t a l a b s o r b ) = σ ( to t a l , b ' ) + ∫ 
180 dσ (a) dΩ 
90 dΩ 
= 2 / 3 σ ( t o t a l a t t e n u a t i o n ) ± 0. 68 σ (a ) 
In the fol lowing t a b l e the f a c t o r s Z / A and (A - Z ) / A give the 
r e l a t i v e n u m b e r of p r o t o n s and n e u t r o n s in the c a r b o n n u c l e u s . F r o m 
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the σ (total absorption) it is poss ib le • to calculate the mean free path, λ (calc) , which is to be compared with λm,, S tork 's exper imenta l value.2 7 
Τ π Mev 52 88 147 
( Z / A ) 2 / 3 σ(a) 6. 1 × 10-28 cm2 18. 5 55 
A-Z (.68) σ(total attenuation) 6. 0 × 10-28 cm2 7 . 0 17 
A 
σ(total absorption) 12. 1 × 10-28 cm2 25. 5 72 
λ(ca lc . ) 8.9 × 10-13 cm2 4 . 2 1.5 
λm (Stork) 7.0 × 10-13 cm2 2 . 8 1. 1 
The agreement between the las t two l ines is rough. It would appear that λm can be in te rpre ted in t e r m s of the observed interact ion c r o s s section of mesons with nucleons. Some caution is requ i red b e ­cause the λ for the mesons under considerat ion is not shor t compared to the in ter -nucleon d is tance , 2.8× 10-13 cm. Fo r π - m e s o n s : 
Τπ = 45 85 150 Mev 
A = 1.59 1.1 0.76 × 159 × 10-13  
( ≡ de Broglie wave length/2π 
The above approach may explain the d i sc repancy observed 
by S. Leonard,36 who measured the differential production cross section 
at 180° for the reaction 
Ρ + C → π+ + A' 
His observed yields were 4 to 30 t imes l a r g e r than his calculated yie lds , 
depending upon his assumpt ions for the in ternal momentum dis t r ibut ion 
for nucleons in carbon and the excitation function for the react ion Ρ + Ρ →  
π + + A. The ra t io for π+ yields at 0° and 180° from Ρ + C → π + is 
dσ (0°) /dΩ 
= 
21 = 11.9 dσ (180°)/dΩ 1. 77 
It would take a smal l amount of backsca t te r ing of mesons produced at 
0° to augment the yield at 180° by a factor of 4 to 10. Specifically the -
yield at 180° could be increased from 1. 7/4 to 1. 7 by a backsca t te r ing 
of (3/4)(1.7) = 6 21 percen t of the 0° mesons . The mean free path for 
e last ic backscat te r ing of mesons is not inconsistent with this pe rcen tage . 
D. Calculation of Total Product ion C r o s s Section for Carbon 
The d σ / d Ω has been m e a s u r e d for Ρ + C → π+ + A at the th ree 
angles 




2 1 . 0 x 1 0 - 2 8 cm2 / s t e r a d i a n 
Reference 
15 
9 0 ° 3 . 3 5 15 
180° 1. 77 36 
F r o m t h e s e d a t a i t i s p o s s i b l e to c a l c u l a t e the to t a l c r o s s s e c t i o n e x ­
p e r i m e n t a l l y o b s e r v e d . 
T h e o r e t i c a l l y , the y ie ld f r o m c a r b o n c a n be c a l c u l a t e d wi th 
the fol lowing a s s u m p t i o n s : 
(a) The p r o d u c t i o n a r i s e s f r o m only p +p c o l l i s i o n s 
wi th in the c a r b o n n u c l e u s . 
(b) The i n t e r n a l m o m e n t u m d i s t r i b u t i o n wi th in the 
carbon nucleus is given by a gaussian function such that the probability 
falls to l/e for a nucleon of energy 16 Mev. Such a distribution is sug-
g e s t e d by the w o r k of C l a d i s 3 7 on the e n e r g y s p e c t r u m of p r o t o n s s c a t ­
t e r e d f r o m c a r b o n . 
(c) Two e x c i t a t i o n func t ions w e r e t r i e d , Τπ3/2 and 
Τ π 2 . The d a t a of Schulz 1 3 , a , b : and D u r b i n , L o a r , and S t e i n b e r g e r 3 8 
w e r e f i t ted by the two f o r m s of the e x c i t a t i o n funct ion . The Τ3/2 e x ­
c i t a t i on i s the e n e r g y d e p e n d e n c e p r e d i c t e d by P S t h e o r y wi th P V coup l ing . 
The Τπ2 e x c i t a t i o n g i v e s a b e t t e r fit to the e x p e r i m e n t a l d a t a of P a s s m a n , 
Block and Havens,39 who observed the excitation for Ρ + Ρ → D + π+ 
at 90°. 
(d) The angular distribution measured by Stevenson40 
was used for the angular integration. 
(e) T h i r t y p e r c e n t w a s added to the π+ y i e ld for n o n -
d e u t e r o n f o r m a t i o n . 4 1 
Ρ + Ρ → Ρ + Ν + π + 
The t o t a l p r o d u c t i o n of m e s o n s wi th in the n u c l e u s w a s c a l c u ­
l a t e d in t h r e e s t e p s : ( i) t r a n s f o r m a t i o n to the c e n t e r - o f - m a s s s y s t e m 
for the i n c i d e n t p r o t o n and p a r t i c u l a r n u c l e o n , (i i) c a l c u l a t i o n of the 
e n e r g y a v a i l a b l e , ( i i i ) and d e t e r m i n a t i o n of y ie ld by the e x c i t a t i o n 
funct ion . N e x t the effect of a t t e n u a t i o n of p r o t o n s and m e s o n s w a s 
e s t i m a t e d in a m a n n e r s i m i l a r to the c a l c u l a t i o n in Append ix II . 
The r e s u l t s of the c a l c u l a t i o n a r e s u m m a r i z e d : 
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Excitation function T π 2 T π 3 / 2 
Calculated re la t ive c ro s s section per proton 
(compared to hydrogen = 1) in carbon, no 
attenuation of protons and mesons 
8 . 3 3 . 8 
Calculated re la t ive c r o s s section per proton 
(compared to hydrogen = 1) with proton and 
meson attenuation 
2 . 7 1.2 
Exper imenta l re la t ive c r o s s section per 
proton (compared to hydrogen = 1) 2. 7 2. 7 
The above calculation is uncer ta in for a number of r e a s o n s . 
The excitation function is being extrapolated far beyond exper imenta l 
values . The in te rna l -momentum distr ibution is uncer ta in for the high-
momentum components . The model may be bad. A number of rough 
es t ima tes were made . The r emarkab le fact is that the calculated and 
observed total c r o s s section pe r proton a r e of the same o rde r of m a g ­
nitude. 
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VI CONCLUSIONS 
1. The yield of π+ mesons is a smooth function of atomic 
number . 
2. No special isotope effects were observed for the π+ -meson 
yield from Be 9 , Β 1 0 , B(natural) and C 1 2 . 
3 . T h e yield as a function of atomic number can be explained 
in t e r m s of 
(a) Production of π+ only from Ρ + Ρ collisions 
( b ) A t t e n u a t i o n of mesons and protons with reasonable 
mean free paths given by 
Τπ Meson Mean F r e e Pa th λm 
55 Mev 7 × 10-13 cm 
8 5 Mev 2 .8 × 10-13 cm 
145 Mev 1. 1 × 10-13 cm 
Element P ro ton Mean F r e e Path λp 
C 4 × 10-13 cm 
Cu 5 × 10
-13 cm 
P b 6 × 10-13 cm 
4. The exper imenta l values for λm can be in te rpre ted in t e r m s 
of the observed interact ion c r o s s sect ions between mesons and free 
p ro tons . F u r t h e r m o r e λm is of the right o rder of magnitude to account 
for sufficient attenuation of mesons to explain the total production cross 
section for π+ -mesons produced by proton bombardment of carbon. 
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GLOSSARY OF TERMS 
Equipment and Operating T e r m s 
Crys ta l Te le scope - -cons i s t s of c rys ta l s No. 1, No. 2 and No. 3 
Pass ing C r y s t a l s - - c r y s t a l s No. 1 and No. 2 
Stopping C r y s t a l - - c r y s t a l No. 3 
Meson Energy D e g r a d e r s - - c o p p e r a b s o r b e r s which degrade the 
meson kinetic energy to ~21 Mev, the mean detection energy of the 
c rys ta l t e lescope . 
Fast Coincidence--coincidence of events in crystals No. 1 and 
No. 2, such as the passage of a π-meson. 
Gate--vol tage pulse last ing approximately 10-7 sec . which is 
produced by the gate genera tor when t r iggered by the fast coincidence. 
The gate is 10-7 sec. long irrespective of whether the circuit is on 
"short" or "long" delay. 
π - μ Coincidence--coincidence of the gate and an event in the 
stopping crystal such as would be caused by the passage of a π in 
crystals No. 1 and No. 2 and its decay in crystal No. 3. 
Short Delay- -ga te s t a r t s 2 .2 × 10-8 s ec . after fast coincidence. 
Long Delay- -ga te s t a r t s 19 × 10-8 s ec . after fast coincidence. 
Short -Delay Count- -π - μ coincidence on shor t delay. This 
may be ei ther a t rue π-meson count or an accidental event. 
Long-Delay Count- -π - μ coincidence on long delay. This can 
be only an accidental event. 
Meson Count - - shor t -de lay count minus long-delay count. 
π - μ No. 1 C h a s s i s - - c o n s i s t s of gate genera tor , π - μ coincidence 
and assoc ia ted dis t r ibuted ampl i f ie rs for channel 1, π - μ No. 2 chass i s 
i s a s imi la r chass i s for channel 2. 
Fas t -Coincidence C h a s s i s - - c o n s i s t s of two dis t r ibuted ampl i f ie rs 
A and Β and the fast coincidence. 
HV No. 1, No. 2, and No. 3--high voltage on the phototubes 
viewing crystals 1, 2 and 3 respectively. 
G1 - - the f i rs t control grid of the π - μ coincidence. G1 controls 
the level of the µ, signal requ i red to make a π - μ coincidence. 
π Amplifier B i a s - - d e t e r m i n e s the level of the fast-coincidence 
output r equ i red to fire the gate genera to r . 
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Units, Constants 
All energ ies a r e in Mev 
Τπ ≡ Meson kinetic energy in Mev. 
A = Nuclear mass, also "A" used as symbol for 
nucleus in general. 
Ζ = Nuclear charge . 
R = Nuclear radius = 1.4A1/3 1 0 - 1 3 c m . 
λm = Meson mean free path for absorption in nuclear 
matter. 
λp = Proton mean free path in nuclear matter for all 
processes competing with meson production. 
F = Combined attenuation factor for protons and mesons, 
also 
= Number of mesons produced/divided by the number 
of mesons that would have been produced if t he re 
had been no attenuation of protons and mesons in 
the nucleus . 
θ = Angle between incident proton and emerging meson 
in the lab system. 
Range= g / c m 2 of m a t e r i a l requi red to stop a charged pa r t i c l e . 
= de Broglie wave length/2π. 
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APPENDIX 
I. Multiple Coulomb Scattering Loss of Mesons 
A cor rec t ion must be made for mesons sca t te red out of the 
c rys t a l te lescope by multiple Coulomb sca t te r ing in the copper meson-energy 
d e g r a d e r s . This cor rec t ion has been calculated on the bas i s 
of the dis tr ibut ion formulas derived by E y g e s 2 8 . E y g e s has extended 
the theory of Ross i and Gre i s sen 4 2 to include the effect of energy 
loss of the scattered particle as it passes through the degrader. He 
derives the distribution function:* 
F ( t , y , θ ) = 1 exp 
-A oy 2 + 2A1 y θ -A2 θ2 ] 
4 π √ A
o
A
2 - A l 2 4 (AoA2 - A 1
2 ) 
where : 
A n ( t ) = 
t 
(t-η)n (dη n = 0, 1, 2 ∫ w2 (η) o 
w ≡ 2 v P / E s 
ν ≡ velocity of par t ic le 
Ρ ≡ momentum of par t ic le 
Εs ≡21.2 Mev 
t = distance t ravel led in the absorber 
θ = that angle which is the project ion on any plane con­
taining the original d i rect ion of t rave l , of the angle 
between the direct ion of the incident par t ic le and i ts 
final d i rect ion of t r ave l . 
y = distance projected on the same plane as for θ and 
measured perpendicular to the original line of flight. 
(Note: d is tances a r e m e a s u r e d in radiat ion lengths for the 
degrader u sed . ) 
* Note some of the numer i ca l factors were mispr in ted in ref. 28. 
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The constants Ao , A1 and A2 were determined by numer ica l 
integrat ion of the r ange-energy curves for mesons in copper. The 





where: R(E) = range of particle with energy Ε 
M 
ρ M m 
M = m a s s 
M c 2 = 276 Mev m 
Ε = kinetic energy 
subsc r ip t s : m = meson; ρ - proton 
The r ange -ene rgy curves for protons in copper were taken from ref 29. 
The dis tr ibut ion function gives the probabil i ty that the par t i c le 
will have the coordinates θ and y after t r ave r s ing a th ickness t of 
dégrader 
Prob(t , Θ, y) dQdy = F(t, Θ, y) d0dy. 
The above dis tr ibut ion function can be general ized to the 
exper imenta l situation in which the dis tr ibut ion at a dis tance L from 
the back of the dégrader is r equ i red . 
Εp = 
Μp 
Ε m Mπ 
Μ
m 
Ε = kinetic energy 
subscripts: m = meson; p = proton 
he range-energy curves for protons in copper were taken from f 29. 
egrader 
Prob(t, θ, y) dθdy = F(t, θ, y) dθdy. 
 back of the degrader is r quired. 
The des i r ed dis t r ibut ion is obtained by making the substi tution 
Fc(t,Y,θ) = FB(t,y,θ) Y=y-Lθ 
y=Y+Lθ 
The validity of the above depends upon the fact that there is no change 
in the angular part of the distribution over the region Β to C. 
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The plane C is taken as the midplane of the stopping c rys t a l . 
The planes A and Β defined the position of the copper degrade r . 
Scattering in the f irs t two c rys ta l s is negligible and has been ignored. 
If the meson beam, meson-ene rgy deg rade r s , and f i rs t two 
c rys t a l s were infinite in the plane perpendicular to the or iginal meson 
path, the geomet ry would be "bad" and the re would be no cor rec t ion 
requ i red . There would be as many mesons sca t te red into the stopping 
c rys ta l as sca t t e red out. The dimensions of the sys tem make for 
nei ther good nor bad, but for what might be called "med ioc re" geometry . 
The dimensions of the c rys t a l s and the meson beam a p e r t u r e s 
a r e : 
Beam Aper ture ' Crysta l Dimensions 
No. 1 No. 2 No. 3 
Height 2. 9 in. Height 1.950 in. 2. 014 in. 1.844 in. 
Width 2. 6 in. Width 1.983 in. 2 .013 in. 1. 857 in. 
Thickness 0. 306 in. 0. 202 in. 0. 344 in. 
In plan view the relative positions of the crystals and meson-energy 
degraders are shown in Fig. 2. For the moment assume that 
the a p e r t u r e s , meson -ene rgy d e g r a d e r s , c rys t a l s , e tc . a r e of infinite 
extent in the dimension perpendicular to the plane of F ig . 2, so that 
mul t ip le - sca t t e r ing lo s ses need to be calculated in only one plane. 
The distr ibution function F(t, θ, Υ) can be applied d i rec t ly to this 
si tuation. The stopping c rys ta l is divided into a number of zones 
which become p rogres s ive ly smal le r near the edges of the c rys t a l 
where the cor rec t ion is l a rges t . The ape r tu re is a lso divided into a 
number of zones . The contribution of each zone of the ape r tu re to 
each zone of the stopping c rys ta l is calculated with the provis ion that 
no meson is allowed to be in the excluded angle α. A meson whose, 
t r a j ec to ry l i es in the excluded angle α can not fire the gate because 
it m i s s e s c rys ta l No. 1. The angle α of course depends upon the zone 
in the 3rd c rys t a l under considerat ion. 
For each zone in the stopping c rys ta l the fraction of mesons , 
H, a r r iv ing in the zone is calculated; 1 - Η is the fraction los t to each 
zone. In the l imit Η may be thought of as a distr ibution function where 
H(Z) is the fraction of mesons a r r iv ing in the s t r ip dZ, Ζ units from 
the center of the c rys t a l . 
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Now consider the actual case where the geometry is finite in 
the other dimension. Call this dimention X. The mesons actually 
a r r iv ing in the stopping c rys ta l can then be wri t ten as 
∫ 
F(Z) F(X) dX dY ∫ = integrate over c rys ta l 
s s 
The justification for this step can be seen as follows. The form of F(t , θ, Z) after integrat ion over θ is given by  F(t , Z) = e-aZ2 
Now let us guess what the dis tr ibut ion f(t, Z, X) might be where f(t, Z, X) 
is the two-dimensional distr ibution function giving the density of 
particles falling in dXdZ at the coordinate X, Z. 
Assume 
f(t, Z, X) dZdX = e - a ( X 2 + Z 2 ) dZdX 
Clear ly 
∫f(t, X, ) dX = F(t, ) 
∫e-a(X2 + 2 ) d x ~ e - a 2 = F ( t , ) 
The assumed two-dimensional distr ibution formula, in tegrated over 
X, gives the correct one-dimensional distribution formula in Z. 
By means of the distribution function 
F( ) F(X) d dX 
the number of mesons sca t t e red out of the stopping c rys t a l is calculated. 
II. Attenuation of P ro tons and Mesons in the Nucleus 
Consider a proton pass ing through the nucleus along the line AB, 
and a s s u m e that the proton produces a meson at a dis tance x f rom the 
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surface of the nucleus . The meson continues along the line AB. 
Define 
Ιo ≡ Intensity of incident protons 
Β ≡ Number of mesons p roduced /cm 3 in nuclear ma t t e r 
by unit intensity of protons 
λp ≡ Proton mean free path in nucleus 
λm = Meson mean free path in nucleus 
Ιo exp( -x /λ p ) Β exp(-2s + x) /λm = number of m e s o n s / c m 2 
getting out of nucleus which 
were formed at x. 
Now integrate from 0 to 2s to get contribution throughout nucleus along 
line AB. 
I o B 
2 s 
exp [ -2s /λ m -x( l /λ p - l /λ m ) ] dx ∫ 
o 
Ι 0 · Β λ 1 [ e x p ( - 2 s / λ m ) - exp ( - 2 s / λ ρ ) ] 1/λ1 ≡ 1/λp-1/λm 
Now integrate over the ent i re nucleus . The differential unit of volume 
is the annular cylinder of radius r and height 2 s 
R 
Ιo Β λ1 [exp ( -2s /λ m ) - exp (-2s/λ p)] 2πr dr ∫ o 
R2 = r2 + s2 
Ιo Β π λ1 R 2 Β ( λ m , λ p , R ) (1) 
where 
B(λ m , λ p ,R) ≡ 
[ 
l / 2 (λ m /R ) 2 - [exp(-2R/λ p)][λm /R + λ m 2 / 2 R 2 ] 
] 
-l /2(λp /R)2 + [exp(-2R/λm)] [λ p /R + λ p 2 / 2 R 2 ] 
If there had been no proton or meson attenuation, the production of 
mesons would have been 
4 /3 π R 3 I o B (2) 
The attenuation factor, F , is therefore factor (1) divided by factor (2) 
F = 3/4 λ1/R B ( λ m , λ p , R ) 
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T a b l e I S e r i e s I 
Τπ = 53 Mev 
T a r g e t ( R e l a t i v e ) d 2 σ / d Ε dΩ 
Be 1 1 . 4 ± 2 . 0 
C 15 .3 ± 3 . 7 
Al 2 1 . 7 ± 4 . 5 
Fe 5 0 . 0 ± 10 .0 
Cu 42 . 0 ± 7 . 0 
Ag 6 0 . 0 ± 10. 0 
P b 5 0 . 0 ± 12 .0 
T a b l e II S e r i e s II 
d 2 σ / d E dΩ cm2 × 10-30 Mev - 1 s t e r a d i a n - 1 
Tπ B e 9 B 1 0 B
( N a t u r a l ) 
c 1 2 
34 Mev 4 . 2 ± 1 . 6 3 . 5 ± 1.4 4 . 3 ± 1.4 7 . 1 ± 1.8 
51 8 . 5 ± 2 . 2 7 . 6 ± 2 . 1 8 . 1 ± 2 . 3 11.9 ± 2 . 5 
69 7 . 8 ± 2 . 9 15 .0 ± 2 . 9 14 .6 ± 3 . 1 1 5 . 4 ± 3 . 6 
88 17 .9 ± 3 . 7 13 .7 ± 3 . 2 1 5 . 4 ± 3 . 8 16 .0 ± 4 . 3 
110 10 .7 ± 4 . 4 13 .0 ± 4 . 0 10 .3 ± 3 . 6 14 .8 ± 4 . 7 
129 5 . 3 ± 3 . 8 7 . 7 ± 4 . 8 3 . 6 ± 3 . 6 11 .2 ± 4 . 6 
d σ / d Ω cm 2 × 10 - 2 8 s t e r a d i a n - 1 
15 .0 ± 2 . 2 16. 7 ± 2 . 2 2 1 . 0 ± 2 . 3 2 1 . 0 ± 2 . 5 
- 47 -
T a b l e III S e r i e s III 
d 2 σ / d E dΩ cm2 × 10-30" Mev - 1 s t e r a d i a n - 1 
Tπ 
C Cu P b 
52 9.7 ± 1.6 2 1 . 8 ± 2 . 9 4 6 . 7 ± 7 . 4 
65 15 .0 ± 2 . 2 
88 19 .7 ± 1.7 3 2 . 4 ± 4 . 5 7 3 . 7 ± 9 . 8 
147 1 1 . 4 ± 1 . 5 2 3 . 6 ± 4 . 7 4 0 . 8 ± 9 . 5 
T a b l e IV D e u t e r i u m Da ta of S e r i e s IV 
Al l C o r r e c t i o n s P r i o r to S u b t r a c t i o n Have B e e n Made 
R e l a t i v e d 2 σ / d E dΩ a r e P l o t t e d . 
T a r g e t . F u l l , Run No . 4 , 1000 p s i 
Tπ 43 Mev 52 70 89 111 130 
1 0 . 1 ± 2 . 7 19 .0 ± 3 . 1 2 8 . 4 ± 3 . 2 2 4 . 6 ± 2 . 5 1 2 . 4 ± 2 . 7 1 3 . 1 ± 2 . 7 
T a r g e t . F u l l , Run No . 5, 2000 p s i 
Τπ 47 Mev 56 66 74 82 92 104 114 132 
2 0 . 4 ± 2 . 0 2 8 . 4 ± 3 . 3 2 2 . 7 ± 2 . 3 1 5 . 1 ± 2 . 3 7 . 4 ± 2 . 1 
2 4 . 9 ± 2 . 2 2 7 . 9 ± 1.7 2 1 . 5 ± 2 . 5 10 .6 ± 2 . 6 
T a r g e t . E m p t y - ( N o r m a l i z e d for S u b t r a c t i o n ) 
Τπ 35 Mev 45 65 85 106 125 148 
3 . 6 1 ± 0 . 6 6 3 .82 ± 1.0 1.92 ± 0 .69 - 0 . 5 3 ± 1.8 
2 . 1 7 ± 0 . 6 6 3 . 2 ± 1.2 2 . 5 ± 0 . 6 
-48 -
Table V 
Deuter ium Spectrum 
d 2 σ / d E dΩ = cm2 × 10-30 Mev-1 s teradian - 1 
Τπ 42 50 60 70 80 90 100 110 120 130 140 
d2σ 1.77 2 . 8 1 4 . 0 4 . 4 1 4 . 0 4 3 . 36 2 . 73 2. 10 1. 50 0 . 9 0 0 . 4 5 
dEdΩ 
-49-
Fig. la,b—General layout. 
-50-
Fig. 2—Layout of crystal telescope and meson energy degrader. 
Fig. 3—Block diagram electronics 
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Fig. 4—Circuit diagram for fast coincidence chassis. 
-52-
Fig. 5—Circuit diagram for π - μ chassis. 
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Fig. 6—High voltage plateaus for phototubes 
No. 1 and No. 2. 
Fig. 7—Schematic of high pressure deuterium target. 
-54-
Fig. 8— High pressure deuterium target. 
-55-
Fig. 9—Comparison of π+ yield by different experiments. 
-56-
Fig. 10—Absolute yield of π+ -mesons plotted against atomic 
mass for C, Cu, and Pb. 
Fig. 11—Spectra for π+ yield from C, Cu, and Pb. 
-57-
Fig. 12—Relative π+ yield divided by (Z) (F). 
-58-
Fig. 13—Spectrum of π+-mesons from deuterium 
plus high pressure target. (Note all corrections 
have been made.) 
-59-
Fig. 14—Spectrum of π+-mesons from deuterium 
for the reaction Ρ + D — π+ + A'. 
